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Abstract
Pyruvate:ferredoxin (flavodoxin) oxidoreductase (POR) was purified 3050-fold to apparent homogeneity from the
photosynthetic bacterium Rhodobacter capsulatus using ion-exchange, Reactive Red, and gel filtration chromatography. The
isolated enzyme was sensitive to dilution and oxygen (especially when in dilute solution). The molecular mass of the native
enzyme was determined by high performance liquid chromatography gel filtration to be 270 þ 20 kDa. Since a subunit
molecular mass of 130 þ 5 kDa was found by denaturing gel electrophoresis, POR from R. capsulatus thus appears to be a
homodimer. Electron paramagnetic resonance analysis showed that a free radical was formed upon the addition of pyruvate.
This POR is shown to be an indiscriminate electron donor causing the full reduction of R. capsulatus flavodoxin (Fld), R.
capsulatus ferredoxin I (FdI), R. capsulatus ferredoxin II (FdII), as well as the major plant-type ferredoxin (FdI) from
Anabaena variabilis. The purified enzyme can couple the oxidation of pyruvate to the reduction of nitrogenase in a coupled
system with either R. capsulatus ferredoxins or nif-specific flavodoxin, NifF; (FldsFdIsFdII). Immunoblot analysis shows
that R. capsulatus POR is constitutively synthesized, with synthesis augmented under nitrogen-fixing conditions (34 þ 13%)
and decreased in acetate and aerobically grown cells. ß 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Pyruvate is a key intermediate in the carbon and
energy metabolism of most organisms. Under anae-
robic conditions, pyruvate catabolism is often cata-
lyzed by pyruvate:ferredoxin (£avodoxin) oxidore-
ductase (POR) which contains Fe-S clusters and
thiamine pyrophosphate (TPP) as necessary cofac-
tors and carries out the reduction of £avodoxin (fer-
redoxin) in the presence of pyruvate and CoA with
the production of CO2 and acetyl-CoA. This enzyme
is central to the metabolism of many medically im-
portant pathogenic anaerobic organisms, including
Helicobacter pylori [1], Trichomonas vaginalis [2],
Giardia duodenalis [3], and Entamoeba histolytica [4]
and is thought to be the target for the therapeutic
agent metronidazole.
POR has been found in all the three kingdoms:
bacteria, archae and eukarya, and has been puri¢ed
from several di¡erent types of organisms. Three
types of POR can be distinguished based upon en-
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zyme subunit composition. The POR from clostridia
[5^7], enterobacterium Klebsiella pneumoniae [8,9],
protozoan parasites T. vaginalis [2] and Giardia duo-
denalis [3], sulfate-reducing bacterium Desulfovibrio
africanus [10], and the photosynthetic bacterium
Rhodospirillum rubrum [11] are homodimers (subunit
Mr 120^130 kDa). These enzymes contain 1 mol TPP
and either 4 or 8 mol of Fe/S per subunit. POR from
hyperthermophilic archaea Pyrococcus furiosus [12]
and Archaeoglobus fulgidus [13], hyperthermophilic
bacterium Thermotoga maritima [14], methanogenic
archaea Methanosarcina barkeri [15] and Methano-
bacterium thermoautotrophicum [16], and microaero-
philic gastric pathogen H. pylori [1] are composed of
four di¡erent subunits with Mr about 47, 32, 25 and
13 kDa. These enzymes contain 1 mol TPP and 8 mol
Fe/S per heterotetramer. The enzyme from Halo-
bacterium halobium [17] is composed of two di¡erent
subunits with Mr 86 and 42 kDa and contains 1 mol
TPP and 4 mol Fe/S per heterodimer.
To date, although this enzyme has been puri¢ed
and characterized from a number of sources (includ-
ing eukaryotes, eubacteria and archaebacteria), very
little is understood about its catalytic cycle and its
interaction with £avodoxin/ferredoxin. For enzymes
isolated from archaebacteria, it has been suggested
that the reaction mechanism involves the intermedi-
ate formation of a hydroxyethyl-TPP free radical
[10,17^19]. Eubacterial enzymes were not thought
to have the same type of mechanism, but the nature
of the one-electron reduced enzyme remained ob-
scure [9,20]. In a recent study on POR from Clostri-
dium thermoaceticum it was established that enzyme
action proceeds through the formation of a hydrox-
yethyl-TPP radical intermediate and it was proposed
that all PORs may have a hydroxyethylthiamine py-
rophosphate radical as a catalytic intermediate [21].
Accordingly, although the various PORs that have
been isolated have di¡erent subunit structures and
di¡erent numbers of Fe4S4 clusters, sequence analysis
of the corresponding genes has shown that they can
be classed as one super-family with highly homolo-
gous catalytic domains [22,23]. Thus all PORs iso-
lated to date are likely to have the same basic en-
zyme mechanism.
Biological nitrogen ¢xation, catalyzed by nitroge-
nase, is an energetically demanding process with the
nitrogenase reaction consuming a theoretical mini-
mum of 16 ATP molecules and 8 low-potential (ap-
prox. 3450 mV) reducing equivalents per molecule
of N2 reduced. Under physiological conditions, the
provision of reductant for nitrogenase is thought to
be mediated by small electron carriers, ferredoxin or
£avodoxin. Bacteria generate reductant for nitrogen
¢xation through the oxidation of various substrates,
and the metabolic routes leading from substrate ox-
idation to the generation of reductant for nitrogenase
(reduced ferredoxin/£avodoxin) are likely to be dif-
ferent depending on the physiology of microorgan-
ism. However, the physiological pathway of electron
transfer to nitrogenase has been ¢rmly demonstrated
in only one diazotroph, K. pneumoniae where the
protein products of two genes, nifF (which encodes
a £avodoxin) and nifJ (encoding pyruvate:£avodoxin
oxidoreductase), have been shown to constitute a
speci¢c electron transport system from pyruvate to
nitrogenase [8,24^27].
The need for a NifJ-NifF pathway in photosyn-
thetic organisms is not clear since photosynthesis
may produce enough reduced ferredoxin to support
nitrogen ¢xation [28]. Genes homologous to nifJ, but
not to nifF, have been found in the cyanobacterium
Anabaena 7120 and the photosynthetic bacterium
Rh. rubrum [28,29]. In Anabaena 7120 the nifJ gene
is dispensable for growth under N2-¢xing conditions
on normal medium but is essential for growth on
medium depleted of iron [28]. Although Rh. rubrum
POR puri¢ed from N2-¢xing cells was able to sup-
port the in vitro activity of nitrogenase with a mix-
ture of Rh. rubrum ferredoxins as electron mediators
and addition of pyruvate to crude extracts of this
organism stimulates nitrogenase activity [11,30],
the presence of signi¢cant amounts of POR activity
in cells grown under nif-repressing conditions sug-
gested that this enzyme may have some additional
metabolic function(s) [11]. Furthermore, a nifJ-like
gene identi¢ed in this bacterium is not essential for
nitrogen ¢xation even under Fe-limited conditions
[29].
Previously we puri¢ed a nif-speci¢c £avodoxin
from the photosynthetic bacterium Rhodobacter cap-
sulatus [31]. The gene encoding this protein has been
cloned, characterized, and shown to possess a high
degree of similarity to K. pneumoniae nifF [32].
Although R. capsulatus contains an abundant nif-
speci¢c ferredoxin (ferredoxin I) which might be
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thought to be capable of fully supporting in vivo
nitrogenase activity on its own, insertional mutagen-
esis showed that in R. capsulatus NifF contributes
signi¢cantly to nitrogenase activity under normal
N2-¢xing conditions and that it is absolutely required
for nitrogen ¢xation under iron limitation [32].
Stopped-£ow kinetic studies have shown that NifF
could make a signi¢cant contribution to the overall
rate of nitrogen ¢xation and it was proposed that
NifF and FdI act in parallel to reduce Fe-protein
[33]. These results suggested that NifJ-NifF pathway
of electron transport to nitrogenase may be operat-
ing in R. capsulatus. As a continuation of our pre-
vious work on NifF we report here the puri¢ca-
tion and characterization of POR from this
bacterium.
2. Materials and methods
2.1. Bacterial strains and growth conditions
R. capsulatus SB1003 was grown photohetero-
trophically on either a complex medium (YPS:
0.3% yeast extract, 0.3% peptone, 2 mM CaCl2,
2 mM MgCl2) or a minimal medium (modi¢ed
RCV, containing previously described mineral salts
[34], 30 mM lactate as a carbon source, 10 mg FeS-
O4W7H2O l31, 19.1 mM phosphate bu¡er (twice the
normal concentration), and NH4 as a nitrogen
source: 3 mM or 30 mM for nitrogenase-derepress-
ing or nitrogenase-repressing conditions, respec-
tively). Various growth conditions were used for
the study of the regulation of POR synthesis. For
anaerobic growth in the light (in screw-capped bot-
tles ¢lled to capacity), growth was with di¡erent car-
bon sources (30 mM ¢nal concentration; acetate-
RCV was supplemented with 10 mM NaHCO3
[35]). Cultures in the late exponential growth phase
which had been grown on lactate-RCV medium were
used as a inoculum (5%, v/v). Bottles were incubated
at 30‡C in a Biotronette Mark III environmental
chamber (Labline Instruments) equipped with three
150 W incandescent lamps. Culture growth was fol-
lowed by measuring A660. For aerobic growth in the
dark, 1 l £asks containing 0.4 l of lactate-RCV were
wrapped with aluminum foil and incubated for 1 day
with agitation at 30‡C. For the large-scale puri¢ca-
tion of POR, cells were grown in 80 l batches under
NH4 -excess (15 mM) or NH

4 -limited (1.5 mM) con-
ditions, collected by £ow centrifugation, and stored
in liquid nitrogen.
2.2. Puri¢cation of pyruvate oxidoreductase
All steps of puri¢cation were carried out under
strict anaerobic conditions using Schlenk-line meth-
ods. Thus, all bu¡ers and vials were evacuated and
sparged with argon which had been passed through a
heated column of BASF catalyst. Transfers of solu-
tions were performed using syringes pre-rinsed with
anaerobic H2O. The identical procedure was used for
puri¢cation of pyruvate oxidoreductase from both
NH4 -limited and NH

4 -excess biomass except that
the DEAE £ow-through fraction was used for en-
zyme puri¢cation from NH4 -limited R. capsulatus.
2.2.1. Preparation of cell extract
The cells (approx. 300 g, wet weight) were thawed
in 600 ml of POR disruption bu¡er (0.1 M Tris-HCl
(pH 7.4), 2 mM 1,4-dithiothreitol (DTT), 1 mM
TPP, 1 mM MgCl2, sonicated 6^7 times (1 min peri-
ods, 4‡C, maximal power, argon £ow) with a Bioso-
nik III (Bronwill Scienti¢c, Rochester, NY), and cen-
trifuged (100 000Ug, 1 h, 4‡C). The supernatant was
divided into two to three portions containing 25^30
units of POR each that were subsequently separately
treated. Cell extracts could be stored under argon
overnight at 4‡C or for 3^7 days at 370‡C without
signi¢cant loss in activity.
2.2.2. DEAE-cellulose-1 chromatography
A portion of the cell extract (for NH4 -excess R.
capsulatus) or DEAE-cellulose column £ow-through
fraction (for NH4 -limited R. capsulatus) was diluted
with 2 vols. of POR bu¡er (50 mM Tris-HCl, pH
7.4; 2 mM DTT; 1 mM TPP; 1 mM MgCl2) and
passed through a DEAE-cellulose column (DE52,
15U2.5 cm) equilibrated with POR bu¡er. After
washing with this bu¡er, POR activity was eluted
in a volume of 35^40 ml using an exponential
NaCl gradient (50 ml of POR bu¡er/200 ml of 0.2
M NaCl in POR bu¡er). POR activity was usually
eluted together or slightly before a red-colored cyto-
chrome c fraction (after approx. 150 ml of gradient
bu¡er).
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2.2.3. Reactive Red-120-agarose chromatography
The POR fraction from the DEAE column was
loaded onto a Reactive Red-120-agarose column
(26U1.5 cm) previously equilibrated with POR bu¡-
er and subsequently washed with 3 column vols. of
POR bu¡er. POR activity was then eluted with POR
bu¡er containing 0.4 M NaCl.
2.2.4. Hydroxylapatite chromatography
The main POR fraction from the previous step (in
a volume of 30^35 ml) was applied directly to a
hydroxylapatite column (Bio-Gel HTP, Bio-Rad;
17U1 cm) equilibrated with POR bu¡er containing
1 mM K-phosphate bu¡er (pH 7.4), 0.1 M NaCl and
10% glycerol. The column was washed with 3 vols. of
the equilibration bu¡er and POR was eluted by in-
creasing the K-phosphate concentration to 50 mM.
At this stage, the elution of POR could be followed
visually and it was eluted as a brownish solution (2^4
ml).
2.2.5. Ultrogel AcA-34 chromatography
The POR fractions after the HTP step were loaded
onto an Ultrogel AcA-34 column (80U2.5 cm) equil-
ibrated and developed with POR bu¡er containing
0.1 M NaCl and 10% glycerol. POR-containing frac-
tions were collected and concentrated by ultra¢ltra-
tion with an Amicon cell using a XM-50 membrane
to 1.0 ml ¢nal volume.
2.2.6. DEAE-cellulose-2 chromatography
Concentrated POR fractions from the previous
step were diluted three times with POR bu¡er and
chromatographed on DEAE-cellulose (DE52) column
(1.5U20 cm) equilibrated with POR bu¡er (+10%
glycerol). The column was washed with 5 vols. of
POR-glycerol bu¡er containing 55 mM NaCl, and
POR was then eluted with POR-glycerol bu¡er con-
taining 80 mM NaCl. Fractions were checked for
POR activity (by methyl viologen reduction assay)
and by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (7.5%) for homogene-
ity. Puri¢ed POR was stored frozen in liquid nitro-
gen.
2.3. Spectrophotometric assay of POR
POR activity was assayed as the pyruvate-depend-
ent reduction of methyl viologen at room tempera-
ture in 3 ml cuvettes closed with a Suba seal stopper.
Reaction mixtures contained 50 mM Tris-HCl (pH
7.4), 5 mM sodium pyruvate, 1 mM MgCl2, 2.5 mM
DTT, 0.1 mM coenzyme A (CoA), 50 WM TPP,
1 mM methyl viologen in a ¢nal volume of 2 ml.
After 4 min of sparging with argon, the residual oxy-
gen was removed by addition of a small amount of
sodium dithionite. Reduction of methyl viologen was
monitored at 600 nm (OmM = 13 cm31 [36]). One unit
is de¢ned as 1 Wmol of methyl viologen reduced per
min.
2.4. Spectral analysis and reduction of electron
carriers
Absorption spectra were recorded at 23‡C on a
Hewlett-Packard 8452A spectrophotometer using se-
rum-stoppered cuvettes. Reaction mixtures contained
(in a ¢nal volume of 0.5 ml) 50 mM Tris-HCl bu¡er
(pH 7.4), 5 mM Na-pyruvate, 1 mM MgCl2, 2.5 mM
DTT, 50 WM TPP. After deoxygenation (by evacua-
tion and argon £ushing cycles) the anaerobic solu-
tions of indicated electron carrier and R. capsulatus
POR (0.1 WM) were added and after mixing the oxi-
dized spectra were recorded. The reaction was started
by the injection of anaerobic solution of CoA
(0.1 mM) into the cuvette, and the reduced spectra
were recorded after 10 min incubation at room tem-
perature.
Electron paramagnetic resonance (EPR) spectra
were recorded on a Bruker ER200D spectrometer.
Protein samples were transferred to pre-N2-£ushed
quartz EPR tubes (3 mm internal diameter) ¢tted
with Suba-seal closures. Additions, if any, were
made from anaerobic solutions and the tubes frozen
and stored in liquid N2.
2.5. Molecular mass determination
Analytical gel-¢ltration/high-performance liquid
chromatography (HPLC) was performed with a
Bio-Silect SEC-250-5 column (7.8U300 mm; Bio-
Rad) on a Varian 5000 HPLC system. The eluent
was 50 mM Tris-HCl bu¡er (pH 7.4) containing
0.1 mM NaCl, and the £ow rate was 1 ml/min. Mo-
lecular mass markers used were thyroglobulin (670
kDa), R. capsulatus nitrogenase MoFe-protein (230
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kDa), immunoglobulin G (158 kDa), ovalbumin (44
kDa), and myoglobin (17 kDa). Subunit size and
protein purity were determined by SDS-PAGE
(7.5% total acrylamide) by the method of Laemmli
and Favre [37] with reference proteins (Pharmacia
high-molecular weight standards: myosin, 212 kDa;
K2-macroglobulin, 170 kDa; L-galactosidase, 116
kDa; transferrin, 76 kDa; glutamate dehydrogenase,
53 kDa). Protein bands were visualized by staining
with Coomassie blue R-250.
2.6. Quantitative immunoblot analysis of POR
R. capsulatus cells were grown under di¡erent con-
ditions and cell extracts were prepared as described
above. Proteins in the samples were separated by
SDS-PAGE (Laemmli-Favre system [37]; 7.5% total
acrylamide) and electroblotted onto nylon mem-
branes. Western immunoblotting with rabbit anti-
POR serum (1/2000 dilution) was carried out essen-
tially as described earlier [38]. For POR quantitation,
the nylon membranes were developed with labora-
tory-made chemiluminescence detection reagents
[39], the X-ray ¢lms were scanned, and the bands
corresponding to POR were quantitated with a Mo-
lecular Dynamics personal densitometer. Antiserum
against R. capsulatus POR was obtained by subcuta-
neous injections of homogenous preparations in rab-
bits [40].
2.7. POR-nitrogenase assay
The assays were performed in 2 ml stoppered vials
containing, in a total volume of 0.2 ml: nitrogenase
assay mixture including bu¡er, Mg-ATP generator
and nitrogenase proteins [41], 5 mM sodium pyru-
vate, 2.5 mM DTT, 50 WM TPP, 0.5 mM CoA, 20
WM FeSO4 (as oxygen scavenger [9]), 1 WM methyl
viologen, 1 WM POR, 10% C2H2. R. capsulatus £a-
vodoxin (Fld) and ferredoxin (Fd) concentrations
were as indicated. The reaction mixture was made
anaerobic before the addition of POR and Fd/Fld.
The vials were incubated for 20 min to consume
traces of oxygen by a DTT/Fe2 system [9], and
then nitrogenase was added. The assays were run
for 30 min at 30‡C with agitation, and the ethylene
produced was determined by gas chromatography
[41]. Amino acid analysis of R. capsulatus POR was
performed at the Biotechnology Research Institute
(Montreal, Quebec, Canada). R. capsulatus nitroge-
nase proteins, £avodoxin, ferredoxin I, ferredoxin II
and Anabaena variabilis ferredoxin I were puri¢ed
essentially as previously described [31,42,43]. Protein
concentrations were determined by the Bradford
method [44] with bovine serum albumin as standard.
3. Results and discussion
3.1. Puri¢cation and stability of POR
Cell extracts prepared from N2-¢xing (NH4 -lim-
ited) R. capsulatus catalyzed the CoA-dependent ox-
idation of pyruvate with methyl viologen as electron
acceptor at a speci¢c rate of 0.01 U/mg. No activity
was detected in the membrane fraction obtained by
ultracentrifugation, indicating that R. capsulatus
POR is a soluble enzyme. The results of a represen-
tative puri¢cation are shown in Table 1 and Fig. 1.
Maintenance of strict anaerobic conditions through-
out the puri¢cation was required to obtain highly
active POR in good yield. It was necessary to dilute
the extracts at least twofold to ensure binding of
POR on DEAE-cellulose. Therefore, for the simulta-
neous puri¢cation of nitrogenase and ferredoxins/£a-
vodoxin, undiluted extracts from NH4 -limited cells
were passed through a DEAE-cellulose column, and
the £ow-through fractions (containing the bulk of
the POR activity) were used for POR puri¢cation
after twofold dilution with bu¡er. In contrast to
the enzyme from Rh. rubrum [11], R. capsulatus
POR bound tightly to Reactive Red-120-agarose,
although not as strongly as previously reported for
the analogous enzymes from K. pneumoniae and C.
thermoaceticum [9]. It was found necessary to regen-
erate the Reactive Red-120-agarose after two to three
runs to ensure reproducible binding of R. capsulatus
POR. This step e¡ected a sixfold puri¢cation sub-
stantially reducing the total amount of protein to
be treated in subsequent steps. After this puri¢cation
step POR was unstable in dilute solutions. Therefore
POR-containing fractions were concentrated before
storage or subsequent puri¢cation using chromatog-
raphy on hydroxylapatite (which also removed some
contaminating proteins) after the Reactive Red-120-
agarose step and ultra¢ltration with an Amicon cell
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after the Ultrogel AcA-34 step. The addition of 10%
glycerol to the bu¡er signi¢cantly increased the
stability of POR during gel ¢ltration (Ultrogel
AcA-34) and subsequent ultra¢ltration.
The most e¡ective puri¢cation steps were chroma-
tography on DEAE-cellulose and gel ¢ltration on
Ultrogel AcA-34 (Fig. 1, Table 1). The high e¡ective-
ness of Ultrogel AcA-34 chromatography for POR
puri¢cation is presumably due to the relatively high
Mr of native POR (approx. 270 kDa) and the relative
paucity of high molecular weight bacterial proteins.
POR could be puri¢ed from R. capsulatus cells
grown under NH4 -excess conditions with essentially
the same results. The range of speci¢c activities ob-
served for several preparations of POR from R. cap-
sulatus was 26^46 units/mg which is in the range
observed with analogous enzymes from heterotrophic
bacteria and Rh. rubrum. The yield of pure enzyme
was 0.6 mg and the overall recovery yield was 27.5%
representing an apparent puri¢cation of 3050-fold
over the cell extract. On this basis POR would there-
fore appear to constitute about 0.03% of the total
protein content of R. capsulatus.
Highly puri¢ed R. capsulatus POR was relatively
oxygen resistant in concentrated solutions (3^5 mg
protein/ml in glycerol-containing bu¡er) losing only
approx. 30% of its activity after 80 min of incubation
under air (without shaking). Similar stabilities have
been reported for PORs isolated from C. thermoace-
ticum [9] and A. fulgidus [13]. However, in dilute
solutions R. capsulatus POR was much more oxy-
Fig. 2. Absorbance spectroscopy of R. capsulatus POR. The se-
rum-stoppered anaerobic cuvette contained 3.2 WM of pure en-
zyme in 50 mM Tris-HCl bu¡er (pH 7.4) containing 2 mM
DTT, 1 mM TPP and 1 mM MgCl2. Trace 1, no addition (as
isolated); trace 2, +1.5 mM Na pyruvate and 0.2 mM CoA;
trace 3, +2 mM Na dithionite.
Fig. 1. SDS-PAGE analysis of the fractions obtained during the
puri¢cation of POR from R. capsulatus cells grown under
NH4 -limiting conditions. Proteins present in the di¡erent frac-
tions were separated by SDS-PAGE (7.5% total acrylamide)
and stained with Coomassie brilliant blue (as described in Sec-
tion 2). Lanes: 1 and 9, molecular mass standards (M); 2, cell
extract (CE, 28.8 Wg); 3, after DEAE-cellulose-1 chromatogra-
phy (DE1, 33 Wg); 4, after Reactive Red-120-agarose chroma-
tography (R-120, 7.7 Wg); 5, after hydroxylapatite chromatogra-
phy (HTP, 6.5 Wg); 6, after Ultrogel AcA-34 gel ¢ltration
(AcA34, 1.63 Wg); 7 and 8, after DEAE-cellulose-2 chromatog-
raphy (DE2; 0.9, 2.4 Wg).
Table 1
Puri¢cation of POR from R. capsulatus
Puri¢cation step Protein (mg) Activity (units) Spec. activitya (units/mg) Puri¢cation (fold) Recovery (%)
Cell extract 6900 69 0.01 1 100
DEAE-cellulose-1 531 69 0.13 13 100
Reactive Red-120 72 53 0.74 74 77
Hydroxylapatite 26 37 1.4 140 53.6
Ultrogel AcA-34 3 37 12.2 1220 53.6
DEAE-cellulose-2 0.6 19 30.5 3050 27.5
aOne unit is de¢ned as 1 Wmol of methyl viologen reduced per min.
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gen-sensitive. Puri¢ed R. capsulatus enzyme in glyc-
erol-containing bu¡ers was resistant to freeze-thaw
treatment, showing essentially no loss of activity
after one cycle (room temperature ^ 370‡C ^ room
temperature).
3.2. Molecular and spectral properties of POR
Puri¢ed POR ran as a single protein band with Mr
of 130 þ 5 kDa on SDS-gel electrophoresis (Fig. 1).
The molecular mass of native R. capsulatus POR was
determined by HPLC gel ¢ltration to be 270 þ 20
kDa (not shown) suggesting that it is composed of
two apparently identical subunits, a molecular organ-
ization similar to that of enzymes from other diazo-
trophic bacteria. Puri¢ed POR exhibited a brown
color, and its visible absorbance spectrum was typi-
cal of an iron-sulfur protein with a broad absorbance
band around 400 nm (Fig. 2) which was signi¢cantly
bleached after addition of dithionite (Fig. 2) indicat-
ing full reduction of its iron-sulfur clusters. Similarly
to enzymes from K. pneumoniae and C. thermoaceti-
cum [9] R. capsulatus POR could be readily reduced
by incubation with a mixture of pyruvate and CoA
(Fig. 2), while no reduction was observed with an
excess of either pyruvate or CoA alone. The absorb-
ance maximum, molar absorbitivity of the oxidized
enzyme, and the molar absorbitivity change upon
reduction are indicative of an enzyme containing
two Fe4S4 clusters per monomer [9]. The iron [45]
and acid-labile sul¢de [46] contents of the puri¢ed
Table 2
Amino acid composition (residues/mol) of POR from R. capsulatus and other bacteria
Amino acid R. capsulatus T. vaginalis H. halobium P. furiosis
Aspartic acida 214 196 302 84
Threonine 100 110 135 39
Serine 240 187 144 30
Glutamic acida 292 258 306 119
Proline 114 132 121 50
Glycine 520 289 226 72
Alanine 224 182 229 87
Cysteine n.d.b 24 19 8
Valine 124 111 125 63
Methionine 18 33 45 23
Isoleucine 80 100 90 53
Leucine 160 157 166 76
Tyrosine 70 80 81 35
Histidine 68 63 74 17
Lysine 156 136 77 35
Arginine 116 101 114 51
Tryptophan n.d.b 35 25 19
Phenylalanine 72 75 65 40
Number of residues 2564 2269 2344 901
aAspartic acid and glutamic acid represent both the free acid and the amide forms.
bNot determined.
Fig. 3. EPR spectrum of R. capsulatus POR in the presence of
pyruvate. Pyruvate was added anaerobically to a ¢nal concen-
tration of 20 mM to a solution of POR (3.2 WM) in 50 mM
Tris-HCl (pH 7.4) which was then frozen in liquid N2. EPR
conditions: sweep width, 900 G; center ¢eld, 3350 G; modula-
tion frequency, 100 kHz; modulation amplitude, 7.487 G; gain,
8U104 ; temperature, 13 K; microwave power, 2 mW; micro-
wave frequency, 9.6482 GHz.
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enzyme, 7.91 þ 1.32 mol of iron and 8.12 þ 0.81 mol
of sul¢de per mol of monomer support this conclu-
sion. The EPR spectra of oxidized (as isolated) and
fully reduced enzyme, obtained by the addition of
pyruvate and CoA, were essentially as previously re-
ported for the enzymes from K. pneumoniae [9] and
C. thermoaceticum [9,21] again indicating the pres-
ence of two [4Fe-4S] clusters per monomer (results
not shown). However, in the presence of pyruvate
alone R. capsulatus POR exhibited a free radical
EPR signal (Fig. 3) that is presumably due to the
formation of a hydroxyethyl-TPP free radical, similar
to what has been recently observed with the enzyme
from C. thermoaceticum [21]. The EPR signals ob-
tained under the various conditions suggest that in
the presence of pyruvate alone one Fe4S4 cluster is
reduced with the second electron contributing the
radical signal. In the presence of both pyruvate and
CoA both Fe4S4 clusters are reduced and hence there
is no free radical signal. As well, POR from K. pneu-
moniae behaves similarly under the appropriate con-
ditions (P.C. Hallenbeck, unpublished data). Thus,
as previously suggested, all POR enzymes may pos-
sess a common intermediate.
Fig. 5. The pyruvate-dependent acetylene reduction activity of
R. capsulatus nitrogenase in the presence of di¡erent electron
carriers reduced by R. capsulatus POR. Assays were carried out
for 30 min (for experimental details, see Section 2).
Fig. 4. Reduction of various electron carriers by R. capsulatus POR. The reactions were run under argon in anaerobic cuvettes con-
taining: (A) R. capsulatus £avodoxin (43 WM); (B) R. capsulatus FdI (32.8 WM); (C) R. capsulatus FdII (41.5 WM); (D) Anabaena va-
riabilis FdI (45 WM). Trace 1, before CoA addition (oxidized state); trace 2 (for £avodoxin), 1 min after CoA addition (sequinone);
trace 3, 10 min after CoA addition (reduced state); trace 4, after addition of Na dithionite (2 mM).
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The amino acid composition of R. capsulatus POR
(Table 2) reveals an abundance of acidic amino
acids. Comparison with the amino acid composition
of di¡erent PORs showed a high similarity between
the R. capsulatus enzyme and homodimeric POR
from T. vaginalis (Table 2). This result, together
with the other evidence presented here, supports
the inclusion of R. capsulatus POR in the K. pneumo-
niae class of homodimeric PORs. Similarly to most
homodimeric PORs from other sources, puri¢ed R.
capsulatus enzyme was unable to oxidize 2-oxogluta-
rate when it replaced pyruvate in the standard assay
of methyl viologen reduction.
3.3. Interaction with electron carriers
Spectrophotometric measurements showed that
R. capsulatus POR was able to reduce a variety of
electron carriers: R. capsulatus £avodoxin, ferredox-
in I (8Fe-8S), ferredoxin II (7Fe-8S), and A. variabilis
ferredoxin I (2Fe-2S) (Fig. 4). Reduction of £avo-
doxin to the hydroquinone state proceeded readily
to completion. R. capsulatus POR was almost as ef-
fective as dithionite as a reductant for ferredoxins
(Fig. 4). Previously it was concluded that NifJ from
K. pneumoniae was speci¢c for NifF since no activity
was found with di¡erent ferredoxins [8]. However, a
later investigation demonstrated the ability of K.
pneumoniae NifJ to reduce both £avodoxins and fer-
redoxins of di¡erent origins [9]. Likewise, the constit-
utive POR from Escherichia coli has been shown to
reduce £avodoxin and ferredoxin isolated from this
bacterium as well as clostridial ferredoxin with ap-
proximately the same rates [47]. The ability of clos-
tridial POR to reduce bacterial and plant-type ferre-
doxins isolated from various sources has also been
previously reported [48,49]. Therefore it seems that at
least in vitro PORs are not highly speci¢c for a
unique electron acceptor and can actually reduce a
wide variety of electron carriers.
The capacity of R. capsulatus POR to support pyr-
uvate-dependent activity of R. capsulatus nitrogenase
in vitro in the presence of di¡erent electron carriers
was also investigated. It was found that R. capsulatus
£avodoxin supported the highest activity of nitroge-
nase in this system, while ferredoxins I and II were
less e¡ective (Fig. 5). We also observed that even A.
variabilis ferredoxin I (plant-type) was active (albeit
at a low level) in mediating electron transfer between
R. capsulatus POR and nitrogenase (not shown).
Equivalent rates of acetylene reduction were ob-
tained when R. capsulatus FdI was reduced by illu-
minated chloroplast fragments, suggesting that POR
is an e¡ective reductant. Similarly to a previous re-
port using chloroplast fragments as reductant [31],
the addition of catalytic amounts of methyl viologen
(1 WM) greatly increased pyruvate-supported nitro-
genase activity with either £avodoxin or ferredoxin
as intermediate electron carriers. In the previously
used chloroplast system £avodoxin was more e¡ec-
tive as an electron carrier than FdI at low concen-
trations (less than 10 WM), while FdI and FdII had
essentially the same e¡ectiveness [31]. However, with
Fig. 6. POR content of R. capsulatus cells grown under various
conditions (for experimental details, see Section 2). (A) Western
immunoblot of POR in cells grown under the indicated condi-
tions. (B) Content of POR calculated from the scan of several
immunoblots (presented as % of that in lactate-grown cells).
The data represent averages from at least four independent de-
terminations, with standard deviations indicated by error bars.
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a pyruvate driven completely homologous (all com-
ponents are from the same organism) POR system,
maximal activity of R. capsulatus nitrogenase in the
presence of £avodoxin was higher than that with
ferredoxins even at higher concentrations (up to 20
WM) (Fig. 5).
3.4. Regulation of POR synthesis
We investigated the e¡ect of growth conditions on
the POR content of R. capsulatus cells using polyclo-
nal antibody raised against puri¢ed R. capsulatus
POR. This enzyme was detected in cells grown under
all tested conditions (Fig. 6). Therefore, POR is a
constitutive enzyme in R. capsulatus. Scanning densi-
tometry of immunoblots showed that the cellular
content of POR varied over a 4^5-fold range. N2-
¢xing (ammonium-limited) cells showed a slightly
higher (34 þ 13%) content of POR than cells grown
under NH4 -excess conditions (Fig. 6) as has been
previously reported for POR from Rh. rubrum. Addi-
tionally, greatly decreased levels of POR were found
with acetate- and dark aerobically grown cells. Thus
there is a signi¢cant modulation of POR expression
with di¡erent growth conditions, although this e¡ect
is not as marked as that seen for pyruvate carboxyl-
ase and pyruvate dehydrogenase which are thought
to play major roles in pyruvate metabolism and are
strongly regulated with respect to carbon source and
oxygen [35,38].
3.5. Conclusion
Here we have presented results that indicate that
the photosynthetic bacterium R. capsulatus contains
a pyruvate:£avodoxin (ferredoxin) oxidoreductase.
The molecular properties of the puri¢ed enzyme
place it in the same class of POR enzymes as NifJ
from K. pneumoniae. The original impetus for purify-
ing POR from R. capsulatus lay in the fact that this
organism was shown to possess a nif-speci¢c £avo-
doxin (NifF) [31]. Indeed the puri¢ed enzyme reacts
well with NifF and several ferredoxins (FdI and
FdII) from this organism and is capable of driving
nitrogenase activity in the presence of electron car-
rier, pyruvate and CoA at rates that are comparable
to those obtained when reductant is supplied by
chloroplast fragments. However, immunoblot analy-
sis shows that although POR levels vary with carbon
or energy source, there is only a mild increase
(34 þ 13%) in POR content under nitrogen-¢xing
conditions. Thus R. capsulatus POR does not play
a role uniquely in nitrogen ¢xation, similar to what
has been previously reported for Rh. rubrum [11,29].
Moreover, POR levels are low (approx. 0.03% of
soluble cellular protein) indicating that this enzyme
does not participate in a main metabolic £ux reac-
tion. Low levels of POR enzymes have been found in
organisms in which they act to activate enzymes of
major carbon degradation pathways. Further work,
including its cloning and mutagenesis, is obviously
needed to probe the metabolic role of R. capsulatus
POR.
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